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Abstract 
This project reviews the various methods and strategies by which the WPI campus 
receives, produces and distributes its energy. It also analyzes ways to potentially 
improve efficiency in energy use. It proposes implementation of a cogeneration system 
that upgrades the capacity of the current equipment being used to attain a more 
sustainable strategy. 
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1. Introduction 
In recent history, sustainability has become a topic at the forefront of public 
awareness, and concern. These concerns generally range from pollution to the 
depletion of natural resources (Baker & Grygorcewicz, 2010), to provide energy for 
basic human necessities. The combustion of natural resources to facilitate humanity’s 
existence releases gaseous emissions, which become trapped within our atmosphere 
and raise the average temperate of the planet. This is referred to as global warming, 
and it has harmful effects that will harm humanity in the long run by altering the system 
we live in (EPA, 2014).  
In order to limit the impact we have on our planet, certain initiatives have been 
taken by the United States and governments all over the world, to promote the sharing 
of scientific information, and the development of clean, more efficient energy 
technologies. Domestically, the first big change regarding sustainability enacted by the 
federal government took form through the Clean Air Act, in 1970. This act and its 
amendments authorized the government to make regulations that would limit harmful 
emissions from stationary and mobile sources, and is enforced by the United States 
Environmental Protection Agency (EPA, 2013).  
It is for this reason amongst others why various institutions, including universities 
have been developing energy sustainability policies, and considering more efficient 
methods of energy supply (Rayaprolu, 2013). One of these methods is cogeneration, 
which is the simultaneous production of heat and electricity from one source. In regards 
to sustainability, the environmental advantages of cogeneration stem from improving 
fuel efficiency, reducing carbon emissions, and eliminating energy losses (Kolamala, 
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2004). Some colleges in New England have moved from less efficient technologies and 
have opted for cogeneration. These include Clark University, the University of New 
Hampshire, and the University of Connecticut. They now produce electricity and heat for 
their campuses, which has resulted in positive effects for them, and the environment.  
At WPI, sustainability means achieving the goals of environmental preservation, 
social justice and economic prosperity for all members of the community (WPI, 2014). In 
order to meet these goals, the Task Force on Sustainability was created with an 
emphasis on energy conservation, and a reduction in harmful environmental impacts 
due to campus operations (WPI, 2014). Since WPI is an educational institution, it is 
focused on meeting these goals through academics, research, community service, and 
administrative operations (WPI, 2014). In the spring of 2012, the Task Force on 
Sustainability enacted the Campus Sustainability Plan, a comprehensive document with 
objectives regarding sustainability, measures of progress towards these objectives, 
target completion dates, and parties responsible for each task. The effects of this plan is 
sure to affect the development of the campus, the academic research of its members, 
and its interaction with the immediate community in the near future (WPI, 2014).   
WPI  relies on the grid to provide its facilities with electricity, while delivering heat 
to its main campus through three boilers, installed eight years ago. Through 
cogeneration the university could  use its current boiler to provide the campus with 
electricity as well. This cogeneration opportunity can be accomplished by installing a 
steam turbine in the system where appropriate, to generate enough electric power to 
satisfy the campus’ electrical needs. In this study, the school’s energy systems and 
needs were assessed, through conducting interviews with key personnel and reviewing 
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its energy bills. Relevant data was gathered, and an analysis of the current plant’s 
capacity ensued. This was done to determine if it could generate enough electric energy 
for the cogeneration option to be implementable. It was found that the plant’s capacity 
needed upgrading in order to generate the right amount of electricity for the campus, but 
certain reasons remain why this should be considered, in order to make cogeneration a 
feasible option.  
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2. Background 
 During the late 1800’s WPI’s powerhouse was a cogeneration plant that housed 
two coal-powered steam boilers and a steam turbine, used to heat the campus and 
provide electric energy to the shops at Washburn Hall. As the school grew, these boilers 
were replaced with three Riley Stoker coal-fired boilers in 1935, 1941 and 1947 to 
accommodate the new energy demands of the campus, while abandoning the 
cogeneration option and reverting to purchasing power from the grid. In the 1960’s, 
these machines were retrofitted to burn No.6 residual oil as it was seen to be a more 
cost effective option. 
 In 2006, WPI replaced the Riley stoker units with three boilers purchased from 
victory Energy in Tulsa, Oklahoma in an $8 million project. The old boilers were showing 
their age, and no longer served the campus’ capacity requirements. Environmental 
concerns were also a factor, as billows of dense, black smoke could be seen coming 
out of the powerhouse smokestack in passing. The new boilers increased the plant’s 
capacity by almost forty percent, while reducing GHG emissions, as they burn either 
natural gas or oil, depending on the most economical option at the time (Kush, 2006). 
There are some who wonder why WPI did not revert back to producing its own 
power, as it did in the 1800’s, and like many other universities do today, in an effort to 
be more sustainable. Essentially, WPI has been conservative in implementing formal 
policies regarding energy sustainability because the university does not commit to goals 
that can be achieved without spending large sums of additional money (Baker & 
Grygorcewicz, 2010). Although sustainability is concern for WPI, so far it has been 
achieved in other, cost effective ways. One of these is the promise to build all future 
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buildings according to LEED standards. Amongst these is East Hall, which has 
achieved the highest LEED standard (gold) by saving energy, conserving water, and 
reducing CO2 emissions. Most LEED requirements can be achieved without a 
significant monetary expenditure, and lay primarily in the design and function of the 
building (Baker & Grygorcewicz, 2010). The option of cogeneration should be revisited 
however, because of the monetary and sustainability advantages this opportunity 
presents. 
2.1 Sustainability: Greenhouse Gases 
In recent history, sustainability has become a topic at the forefront of public 
awareness, and concern. This encompasses the idea that the future of our species 
should not be jeopardized because of our current use, or misuse of non-renewable 
sources of energy. These concerns generally range from pollution to the depletion of 
natural resources, and so far these have been addressed at different levels including 
the international, national, and amongst our respective communities. (Baker & 
Grygorcewicz, 2010) 
Around the world there has been a recent rise in the average temperature of the 
earth’s surface. This phenomenon, referred to most as global warming is caused by a 
heightened concentration of greenhouse gases in the earth’s atmosphere, and is 
partially responsible for global climate change (EPA, 2014). A greenhouse gas is 
defined as any gas which traps heat within the earth’s protective layers, and thus 
increasing the average temperature of the planet. These gases are released largely due 
to the combustion of fossil fuels for the production of basic necessities such as 
electricity, heat, and transportation, thus making us, humans directly responsible for 
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their effects. The main gases that contribute to the greenhouse effect, include carbon 
dioxide (CO2), methane (CH4), nitrous oxide (N2O), and fluorinated gases, as 
demonstrated in figure1 below.   
 
Figure 1: Greenhouse gas emissions (EPA, 2014).  
The amount of time these gases remain in our atmosphere depends on the gas, 
and ranges from a few to a thousand years. The Global Warming Potential (GWP) of 
each gas is calculated, using Carbon dioxide (which can stay in the atmosphere for 
thousands of years) as a reference. On a hundred year time scale, CH4 has a GWP 
more than 20 times higher than CO2 although it only lasts in our ecosystem for only 
about a decade, while N2O, which has a GWP 300 times greater than CO2, lingers 
above us for more than a hundred years on average. Fluorinated gases are classified 
as having high GWP due to their ability to trap substantially more heat than other 
greenhouse gases, despite their smaller concentration (EPA, 2014). 
2.2 Greenhouse Gases: The Effects 
Since these gases are in the atmosphere for elongated periods of time, they do 
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not remain concentrated in one spot. Instead, they mix with each other, making the 
amount measured in the atmosphere approximately the same all over the planet, 
regardless of where the emissions originated. The effects of global warming are 
widespread and affect human beings, our agriculture, and our ecosystem. These effects 
can be easily seen when a region is sampled for analysis. Consider the Northeast, 
which has had an annual rise in overall temperature by two degrees (Fahrenheit), and 
winter temperature by four degrees. As seen in figure 2, Boston is expected to see an 
increase in the number of 100 F days, from one per year in 1961 to as many as twenty-
four by the year 2100. The majority of heavy precipitation changed from snow to rain, 
and has increased in size and frequency. This eventually will lead to sea levels rising 
more often, paving the way for more damaging floods, storm surges, erosion and the 
destruction of harmonious ecosystems, which would be disastrous for coastal cities 
(EPA, 2014).  
 
Figure 2: Boston Climate Change (EPA, 2013).  
Due to the gradual increase in temperature, air quality standards are forecasted 
to worsen, especially in urban areas where air pollution and more frequent heat waves 
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threaten the health of vulnerable populations, such as the elderly and the very young. 
More aggressive precipitation would increase the chances of waterborne illnesses 
caused by improper sewage drainage and a contamination of the water supply. It would 
also peak the population of mosquitoes that carry the West Nile Virus, since they like to 
breed in warm, wet environments. The Northeast cannot afford to compromise dairy 
production, for it is a valuable asset for its agricultural economy. Warmer temperatures 
surely would slow weight gain in dairy cows, resulting in reduced milk yields, and 
increased costs of operations. Eventually this will lead to loss of livestock because of 
heat stress, due to a lack of cooler nighttime temperatures. Forestry suffers from heat 
stress as well, for decreased soil moisture reduces the productive potential of different 
tree types. A decrease of foliage puts certain animal species that reside in such 
systems at risk of losing their homes. It also gives invasive, destructive species a 
chance to thrive, such as the hemlock woolly adelgid, which is a concern particular to 
the Northeast.  According to scientists, unless action is taken, these trends are not 
going to change anytime soon (EPA, 2013).  
2.3 Organizations for Change 
Many steps have been taken in the right direction by the United States 
government both Internationally, and domestically, which promote the sharing of critical 
scientific information, and clean and efficient technologies, in order to limit the impact 
we have on our planet. Various governmental organizations such as the Environmental 
Protection Agency (EPA) have provided leadership in areas involving the compilation of 
data on greenhouse gases, and on their global reduction. 
In June 1992, the United States became the first industrialized country to sign a 
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treaty with the UN Framework Convention on Climate change (UNFCCC). Under the 
UNFCCC, the United States is held accountable for the producing of a yearly inventory 
of greenhouse emissions. They also fund developing countries with technology, aimed 
at capacity building and the adaptation of programs for the monitoring, and regulating of 
climate change. Under the American government, the EPA compiles this data, while the 
U.S State Department produces the U.S. climate Action Report, a document that is 
required under the guidelines of the treaty. The Global methane Initiative (GMI) allows 
the United States to work with thirty-nine other countries, which represent a whopping 
seventy percent of manmade CH4 emissions. The GMI promotes the recapturing and 
reuse of CH4 as a clean fuel source in multiple energy sectors. Amongst other benefits, 
this reduces this greenhouse gas, stimulates economic growth, and reduces pollution.  
In 2003, the U.S Department of State, and the Department of Energy, launched 
the Carbon Sequestration Leadership Forum (CSLF) as an international climate change 
initiative with help from the EPA. The activities of the CSLF include the necessary 
adjustments to a country’s technological, political, and regulatory capacities with the 
goal of developing and improving on methods of separating and capturing CO2 for 
transport and long term storage. In the same year, the Group on Earth Observations 
(GEO) was launched. This is a coalition of 33 nations, committed to moving toward the 
development of a comprehensive, coordinated and sustainable Earth observation 
system. One of their primary areas of focus is climate observation around the world, 
making it easier for governments to adapt in the face of societal and environmental 
impacts of climate change (EPA, 2013).  
Domestically, the first big change regarding air pollution made by the federal 
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government took form through the Clean Air Act, in 1970. This act authorized the 
government to make regulations that would limit harmful emissions from stationary and 
mobile sources. Four programs were to emerge from the Clean Air Act: the National 
Ambient Air quality Standards (NAAQS), State Implementation Plans (SIPs), New 
Source Performance Standards (NSPS), and the National Emission Standards for 
Hazardous Air Pollutants (NESHAPs). This coincided with the National Environmental 
Policy Act, which established the EPA in same year. The programs and amendments 
which followed the Clean Air Act, only served to strengthen its regulatory authority, as 
the EPA was tasked with the mission to carry out the vision these programs were 
founded on (EPA, 2013). In the past twenty years, the United States has made the 
world’s largest scientific investment, through the U.S. Global Change Research 
Program (USGCRP). The USGCRP was an executive initiative in 1989, and became an 
official mandate in the Global Change Research Act of 1990. Its mission is to 
coordinate, and use federal research to monitor human induced changes in the global 
environment, and their implications for our society. Thirteen departments and agencies 
assist the USGCRP, and they formed the U.S. Climate Change Science Program from 
2002 to 2008 (USGCRP, 2014). 
Further Initiatives have been made by the current administration to reduce 
greenhouse effects. President Obama has directed the federal government to aim at 
reducing greenhouse gases from direct sources by twenty eight percent within the next 
eight years. As for indirect sources of emissions, he expects a thirteen percent 
reduction in the same time frame. If these goals are met, governmental agencies stand 
to save approximately eleven billion dollars in energy costs, thus eliminating up to 235 
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million barrels of oil over the next ten years (White House, 2014).  Internationally, and 
domestically, these plans are geared towards reducing our consumption of energy, and 
encouraging us to adopt greener technologies, to create a more sustainable 
environment.    
2.4 Energy 
Energy comes in many different forms. It is usually categorized into two distinct 
groups, renewable or nonrenewable. As the name suggests, renewable sources of 
energy can be replenished, while non-renewable sources of energy are virtually 
impossible to be refilled or recreated. Some renewable sources of energy include solar, 
wind, biomass and geothermal. 
Non-renewable energy primarily results from the burning of fossil fuels, such as 
oil, natural gas, and coal. They are referred to as “fossil fuels” because they are the 
product of fossilized dead plants and creatures that were trapped under pressure from 
rocks and soils near the earth’s heated core. An additional non-renewable energy 
source is uranium, an element that when split through nuclear fission, heat and 
ultimately electricity may be harnessed. 
   11 
IQP-GFS-1403  
 
Figure 3: U.S. Energy Consumption by source (EIA, 2013).  
In 2010, ninety-two percent of the nation’s energy consumption came from non-
renewable sources of energy. In order to become a more sustainable nation, this 
reliance on non-replenish able sources of energy needs to be curbed (EIA, 2013).  
Petroleum, natural gas, coal, nuclear fuel and renewable energy consist of 
primary sources of energy, as seen in figure 3 above. Primary sources of energy are 
used to derive electricity, hence why electricity is categorized as a secondary energy 
source. Each energy source has a different unit of measure, thus, the United States 
converts these different units to British thermal units (Btu’s), in order to compare the 
energy capacity of each fuel source (EIA, 2013). One Btu is defined as the amount of 
heat required to raise the temperature of a pound of water by a Fahrenheit degree (EIA, 
2013). In 2011, the United States used nearly 97.5 quadrillion Btu, with one quadrillion 
Btu (or quad) representing approximately one percent of its total energy use.  
In order to gain some perspective, physically speaking, this represents almost 
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172 million barrels of oil, 50 million tons of coal, or about 1 trillion cubic feet of natural 
gas. Primary energy is supplemented largely by petroleum, followed by natural gas, 
coal, nuclear energy, and renewable energy. Between 1949 and 2009, the consumption 
of primary energy in the United States tripled, with an increase in energy usage almost 
every year, as seen in figure 4. The generation of electricity is the largest use of primary 
energy, therefore, focusing on how this energy is used, how much it costs, and where it 
is wasted should leave us with a significant depiction on how energy efficient we are as 
a society, and what adjustments should be made in order to become more sustainable. 
 
 
Figure 4: Time Series of Energy Consumption by Sector (EIA, 2013)  
2.5 Electric Power 
In 2011, America’s use of electricity was more than thirteen times greater than 
electricity use in the 1950’s. Technological advances in the world are to blame for this, 
as many of the household appliances and modern luxuries we enjoy require electric 
usage to function. The sectors with the greatest electrical consumption from greatest to 
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least in 2011 were the residential, commercial, and Industrial sectors. Most electricity 
used for transportation are for trains and electric vehicles, which is still significant, but 
negligible on a grander scale (EIA, 2012). The general electric power distribution process 
is as follows: power plants generate electricity, which is then moved to substations 
through the grid; a network of nearly 160,000 miles of large, high-voltage transmission 
lines. From these substations, a local distribution system of smaller, low-voltage 
distribution lines moves electricity from substations and transformers to consumers. 
This process is illustrated below.  
 
Figure 5: Delivery of Electricity to Customers (EIA, 2012). 
Although the process sounds simple enough, it is actually quite complicated. The 
utility company selling power may be federally owned, non-profit seeking, profit seeking, 
an electric co-op or a power marketer. Depending on which type of company is 
providing us energy, it may be self generated, purchased from other utility providers or 
procured through a regional transmission reliability organization. The source of our 
electricity may vary greatly, for depending on location and utility company; power might 
be procured through a dozen, or sometimes, hundred other power plants. Sometimes, 
power consumed in the United States comes as far as Mexico, or Canada. 
The developing, and maintaining of the grid which supplies us with electricity, is paid 
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for by utility consumers, through fees, authorized by State regulatory commissions. It is 
not uncommon that local grids are interconnected, to increase reliability by forming a 
larger, more dependable network, which are present throughout multiple states. The 
Federal Energy Regulatory Commission (FERC) ensures that a national standard in grid 
maintenance and distribution is up to par, through The North American Electric 
Reliability Corporation (NERC). Some NERC initiatives have led to the formation of 
Independent System Operators (ISOs) and Regional Transmission Organizations 
(RTOs), which have a similar function, but on a smaller scale (EIA, 2012).  
Consumer prices of electricity usually mirror the costs to build, finance, maintain, 
manage and operate power plants and the electrical grid. Depending on which type of 
utility company provides electricity, (profit or non-profit seeking), there might be an 
adjustment in price due to a reasonable return for the potential owners and 
shareholders of the company. General factors which are included in all utility company 
pricing include but are not limited to:  
● Fuels-Natural Gas is notably more costly than coal. 
● Power Plants-The cost, and maintenance of certain power plants are greater 
than others. 
● Transmission and distribution lines-They need to be maintained, and their usage 
incurs costs, which adds to the overall cost of electricity. 
● Weather conditions-Precipitation provides water for hydropower generation 
however; extreme heat usually increases the demand for electricity for cooling. 
● Regulations- In certain states, public service commission’s determine electricity 
costs, while a combination of unregulated prices and regulated prices are the 
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means by which prices are determined in others. 
The general trend shows electricity prices to be higher for residential and 
commercial users, because of higher distribution costs. It costs more to transmit 
electricity to the residential and commercial sectors because said electricity needs to be 
stepped down at different stages, in order to be safely used by the consumer. The 
Industrial sector most often requires higher voltages, for heavier machinery to perform 
more duties, and does not require a drastic change in voltage from the power plant. This 
makes it easier to distribute power to industrial customers, and in the end, they enjoy 
cheaper electric prices. The price of electricity changes by a minute basis, but most 
consumers’ rates vary depending on the season. There is usually a higher electrical 
usage in the summer, thus prices adjust accordingly in order to meet that demand. This 
is not unusual, for electricity demand changes in the short term as a response to 
business cycles, weather conditions, and its average cost of generation (EIA, 2012). In 
2010, the average price for electricity was 9.88 cents per Kilowatt-hour (kWh). Prices 
vary by sector, and average cost of electricity per sector was as follows: 
Table 1: Electricity by Sector (EIA, 2012) 
Sector Cost in (¢ /kWh) 
Residential 11.6 
Transportation 11.0 
Commercial 10.3 
Industrial 6.8 
 
   16 
IQP-GFS-1403  
The degree to which electricity prices are regulated depends on the state, and 
this affects the price consumer’s pay. In some states, electricity costs equal the average 
price of all generation, whereas in competitive states, the price of electricity is calculated 
based on real-time market forces. During peak demand in competitive states, the cost of 
electricity generation is based off of the cost per Kwh of the last power generator 
activated. More often than not, this generator is powered by natural gas, which as we 
have seen is more expensive than coal. This results in the price of natural gas 
determining annual electricity prices in competitive States, more so than in states where 
prices are regulated (EIA, 2012).  
2.6 Deficiency in the Transmission and Distribution of Electricity 
Before generated energy can be consumed, it must be delivered through a 
transmission and distribution system, to serve residential, commercial, or industrial 
purposes. Transmission and distribution are two terms, which are commonly confused. 
The prior refers to the act of moving a high electric charge, from one point to the other, 
sometimes over very long distances. On the other hand, distribution refers to the act of 
moving the high voltage from the transmission grid, through a series of substations, and 
step down transformers, for its use in a specific location (ABB, 2014). During this 
process, some of the energy generated from the source is lost, or “wasted”. This occurs 
in two main ways, namely, resistance in the wires, and congestion in the grid. The 
resistance in grid’s wires, or in equipment through which electricity must pass through is 
a physical characteristic of the grid, which is hard to overcome. Congestion, on the 
other hand, is only partially determined by the physical characteristics of the grid. It 
occurs when there is a disruption, or bottleneck in the regular flow of electricity in the 
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grid, either by limited capacity in a particular device, or by a safety constraint 
implemented in order to make the grid more reliable. In situations such as these, the 
system operator must find an alternate path for the electricity to flow. This path is 
usually through a less efficient and therefore, less economical generator. Congestion 
occurs because of a lack in transmission funding, and the rise of a competitive power 
market, in which bulk power transactions are more frequent (ABB, 2014). 
2.7 Decentralized Energy and the Power Grid. 
Efficiency in the transmission and distribution system is to be desired, for it 
means lower greenhouse emissions from power plants, in order to generate the same 
amount of consumed energy. Congestion costs consumers billions of dollars each year, 
and can potentially damage the grid itself. Increased efficiency in the power grid is 
better for the environment, for the consumer, and for the grid itself. The importance of 
energy is paramount; so is conserving it, hence why energy efficiency cannot be 
overstated. An attractive solution to relieving congestion in the grid is decentralized 
energy networks that include both heat and power. Decentralized energy produces heat 
closer to the end user, thus reducing transmission and distribution losses (Aldi, 
Anundson, Bigelow, & Capulli, p. iv). Combined heat and power systems, also known as 
cogeneration systems can be placed in areas of the grid that are over-capacity in order 
to relieve the strain on the current system (Aldi, Anundson, Bigelow, & Capulli, 2010). 
2.8. Cogeneration 
Cogeneration, as the name suggests, is the systematic generation of two forms 
of useful energy from a thermodynamic cycle, usually power and heat (Rayaprolu, 
2013). Mechanical or thermal energy may be used to produce electricity through power 
   18 
IQP-GFS-1403  
equipment such as a prime mover, generator compressors, pumps or fans. Thermal 
energy can be further purposed for heating, steam generation for hot water, hot air for 
dryers or chilled water generation for cooling (Kolamala, 2004). The type of equipment 
that powers the overall system typically identifies the CHP system. Distinctive prime 
movers for certain CHP systems include reciprocating engines, gas turbines, steam 
turbines, and fuel cells (UNEP, 2006) 
2.9 Need for Cogeneration 
The conventional method for power generation and supply is wasteful, because 
only about a third of the primary energy consumed by the plant is converted into 
electricity. Most power plants are only about 33% efficient, as a majority of the energy is 
lost in the form of heat to the surrounding water or air. This is due to the inherent 
limitations of the thermodynamic cycle associated with power generation. By capturing 
this heat loss, the potential efficiency of a cogeneration plant can nearly reach 90%. In 
addition to this, 10-15% of the losses are linked to the transmission and distribution of 
electricity in the grid. Since most cogeneration plants are locally used, the transmission 
and distribution losses are negligible. Energy savings in the ranges of 15-40% therefore 
makes co-generation the more efficient technology in comparison to the independent 
supply of electricity and heat from power stations and boilers (Kolamala, 2004).  
2.10 Benefits of Cogeneration 
If cogeneration is optimized correctly, it carries evident operational, financial and 
environmental advantages. Certain operational benefits include a reliable base load 
electrical supply, and a diversified thermal source for steam raising capabilities for 
process heating or cooling (Kolamala, 2004). Financial advantages of a cogeneration 
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system can be reaped through a reduction in primary energy costs and the flexibility in 
energy procurement. In regards to sustainability, the environmental advantages of co-
generation stem from improving fuel efficiency, reduction carbon emissions, and 
eliminating transmission losses. Cogeneration has proven to be useful in diverse 
industries, particularly those with concurrent heat and power demands. In recent years 
with the advancement of technology, cogeneration has become a practical choice in a 
wide range of arenas. These include process industries, commercial and public sector 
buildings and district heating schemes, which have considerable energy requirements 
(Kolamala, 2004).  
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3. Methodology 
For simplicity, this section is broken down into the specific steps describing the 
general processes during the course of the project.  
Step 1: From Edison and Enron, by Richard Munson was read in order to properly grasp 
the history of electric energy, the development of the United States electric grid, and the 
politics behind the energy business, in order to understand the benefits of decentralized 
energy. 
Step 2: Develop a historical perspective in the supply, generation and use of WPI’s 
energy, to understand why cogeneration is not being considered as a sustainability 
option. 
• Interview key staff in the facilities department.  
• Obtain copies of WPI’s most current energy bills 
Step 3: Perform research on cogeneration systems and case studies from other 
universities in order to show real-world examples of the uses of such technologies. 
Step 4: Find out approximately how much wasted electrical energy WPI is responsible 
for through the purchasing of electricity from the grid, to highlight one of the advantages 
of cogeneration. 
• Interview key members of the facilities department, to understand who provides 
WPI with electric energy. 
• Perform analysis on data obtained from WPI’s electric annual demand and 
consumption. 
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• Determine the difference between annual power demand and power 
consumption. This difference lays in transmission and distribution; a loss of 
energy WPI pays for and doesn’t receive. 
Step 5: Gather relevant information about WPI’s boilers and heating network through 
interviews with key facilities personnel, to determine its capacity, and power generation 
capabilities.  
• Determine the annual greenhouse gas emissions of WPI’s steam boilers  
• Find out the amount of fuel consumed yearly by WPI’s boiler for the purpose of 
heating.  
• Determine the pressure, temperature and mass flow rate of the steam in its main 
header.  
Step 6: Determine which cogeneration system would be the best fit for WPI’s 
powerhouse.  
• Using research on cogeneration systems 
• Using input from key personnel in the facilities department 
Step 7: Perform a feasibility analysis of the cogeneration system at WPI. 
• Using required power output, and steam properties necessary to heat the main 
campus as a basis. 
Step 8: Draw conclusions, and compile the research and data in a presentable form. 
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4. Cogeneration: Thermodynamics  
A thermodynamic process is one by which heat is supplied to a working fluid, 
effectively changing its temperature, pressure and volume in order to produce work. At 
the cycles end, the working fluid returns to its original state, after a certain heat loss. Of 
the different variations of thermodynamic cycles in operation, the steam power (Rankine 
Cycle) and gas turbine cycle (Brayton Cycle) are of relevance to steam and gas-based 
plants. Both the steam power cycle and gas turbine cycle may be adapted for use in a 
cogeneration cycle (Rayaprolu, 2013). 
4.1 Gas Turbine Cycle 
Gas turbines obey the laws of the Brayton cycle, where atmospheric air is 
compressed, heated, and then expanded using the difference in power between the 
turbine and compressor for electric generation (UNEP, 2006). Gas turbines are more 
practical for large-scale applications with higher electrical and heating/cooling demands. 
Gas turbines are designed to address electricity needs primarily. In the cogeneration 
process, a gas turbine powers a generator that distributes electricity to the customer. A 
heat recovery unit captures waste heat from the turbine to create steam, which is then 
used for heating/cooling systems (Aldi, Anundson, Bigelow, & Capulli, 2010). Natural 
gas is most commonly used, however other fuels can be implemented. The typical 
energy output of a gas turbine ranges from 0.5MW to around 100MW (UNEP, 2006). 
For the purposes and applications of this paper, the Brayton will not be considered for 
further analysis. A typical Gas Turbine Cycle is displayed in figure 6 below.    
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Figure 6: Gas turbine cycle (Aldi, Anundson, Bigelow, & Capulli, p. 6) 
4.2 Steam Turbine Cycle  
Boiler systems are better suited for smaller scale implementation, and are 
primarily designed for heating/cooling demands, while creating electric power in the 
process. Fuel is used to produce steam in a boiler to which a turbine-generator unit for 
electricity production is connected (Aldi, Anundson, Bigelow, & Capulli, 2010). The 
steam turbine is a rotating mechanical machine typically referred to as a “prime mover” 
and is generally custom made (Rayaprolu, 2013). Steam turbine capacities range from 
50kW to several hundred MW’s for larger applications. Its thermodynamic cycle is the 
Rankine cycle, the basis of conventional power stations, consisting of converting water 
in a boiler to high-pressure steam. In this cycle, water is pumped to medium/high 
pressure, and then heated to the appropriate chemical and physical properties. Next, it 
is boiled, superheated, and then expanded through the steam turbine (UNEP, 2006). 
The steam turbine expands high pressure ultra-clean steam with temperatures less than 
1148F to lower pressure steam through a gradual change in momentum, using its rotary 
motion in order to produce electrical energy (Rayaprolu, 2013). The steam is either 
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exhausted into a condenser at vacuum conditions or into an intermediate temperature 
steam distribution system that recuperates it for industrial or commercial application. 
The condensate from the condenser or steam from the system returns to the feed water 
pump in order to restart the cycle. A typical steam turbine cycle is displayed in figure 7 
below.  
  
 
Figure 7: Steam Turbine Cycle (Aldi, Anundson, Bigelow, & Capulli, 2010) 
4.3 Steam Turbines 
On the basis of final use, steam turbines may be classified as Drive turbines or 
Power turbines. Drive turbines are single casing, with backpressure, while power 
turbines can be either single casing or multi-casing with backpressure and condensing 
mode capabilities (Rayaprolu, 2013). Drive (backpressure) and power (extraction 
condensing) steam turbines are the two most commonly implemented. The choice 
between the two depends on the desirable quantities of power and heat, quality of heat 
and economic factors (UNEP, 2006).  
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4.4 Steam Turbines: Backpressure turbine 
In a drive turbine, steam exits the turbine at a pressure higher or at least equal to 
the atmospheric pressure depending on the necessary thermal load. Steam can also be 
extracted from intermediate stages of the turbine at the appropriate physical and 
chemical properties, in respect to the thermal load. When it has left the turbine, for the 
system, it releases heat and is condensed. The condensate returns to the system, and 
make-up water retains the mass balance.  
4.5 Steam Turbines: Extraction Condensation turbine. 
In an extraction condensing system, the thermal load is obtained through 
extracting steam at the right properties at one or more intermediate phases. The 
remaining steam is exhausted to the condenser. In comparison to the backpressure 
turbine, the condensing turbine typically has a higher cost and lower efficiency. 
However, it can control the electrical power independently of the thermal load to a 
certain extent, by regulating the steam flow rate through the engine (UNEP, 2006).  
4.6 Steam Turbines: Casing and Shaft Arrangements 
Casing and shaft arrangements for steam turbines may be either single casing, 
tandem compound, or cross compound. Single casings occur in most drive processes 
and small power turbines. Tandem compound is a situation where two or more casings 
are connected to a generator. Cross compound describes the positioning of two or more 
casings to two or more generators.  
4.7 Steam Turbines: Steam Expansion  
Steam is expanded in steam turbines in two different ways, namely impulse and 
   26 
IQP-GFS-1403  
reaction. Using impulse expansion, steam is fully expanded in the inlet nozzle, and then 
moved through the device as in most drive turbines. In theory, there is no change in 
pressure due to the moving blades, and hence, no need for a balance piston as no axial 
force exists. In reaction expansion, the steam is expanded as it moves through the 
steam turbines’ fixed rotors. This generates strong internal clearances, and a balancing 
piston is needed to offset the axial forces generated. Reaction steam turbines are more 
efficient and also more costly. Finally there are the impulse-reaction type turbines, 
which combines the technology of both rotor systems, and is by far the most popular 
option (Rayaprolu, 2013). 
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5. Cogeneration: Example Case Studies 
Any large institution such as a university or hospital that buys electric power from 
a utility is actually burning two measures of fuel, rather than one. One would be the 
natural gas combusted in the offsite utility company’s plant, ant the other measure of 
natural gas in the on site steam boilers for space heating or cooling. Here are some 
case studies of university’s who sought more sustainability through a more efficient use 
of fossil fuel energy (Uconn, 2014). 
5.1 Clark University 
Clark’s on-campus cogeneration plant allows the university to generate 
electricity, steam heat, and hot water from the same fuel source. In January 2013, its 
new cogeneration engine came alive, replacing an engine that had been in use since 
1982. The new and improved engine provides 2.0kw of electricity, while maintaining a 
steady flow of steam and hot water through its established distribution lines. Its fuel 
source is natural gas, which is cleaner, more efficient with less GHG emissions and 
particulates. In the matter of a cogeneration facility, practical applications provide the 
reaping of immediate benefits in the form of annual savings in both dollars and fuel. 
Clark University benefits from fuel savings equivalent to 8500 barrels of oil a year and 
cost savings projected at around $250000 for the first year alone. These dramatic 
savings are possible by adopting a process which uses natural gas more efficiently than 
at a utility plant, where a mere 35% of the energy gained from the burning of fuel 
becomes electric power while 40-45% is rejected as “waste” or byproduct heat.  At 
Clark, after 35% of the systems energy has been used for electricity generation, another 
34% is recaptured from the engines exhaust and cooling jacket to be used for space 
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and water heating. Hence, the cogeneration process proves to be almost twice more 
efficient than a conventional power plant through its energy recycling process. The 
Clark system uses an internal combustion engine as its power source. It boasts an 
1807kw electric generator, driven by a 2500HP natural gas fired diesel engine. The 
cogeneration system at Clark could have much broader implications on the National 
Scale. For every 45 minutes the Clark system is running, it saves almost one barrel of 
oil. If this system was standard in the United States, we would save close to a quarter of 
the country’s oil import level, roughly 1-5 million barrels of oil a day (Clark University, 
2014). 
5.2 University of New Hampshire 
In 2006, UNH adopted a cogeneration plant, becoming one amongst a rising 
number of schools in New England to provide both heat and electricity to their campus. 
Compared to its outdated counterpart, the new cogeneration plant emits a noticeably 
thinner and shorter smokestack, certainly due to its ability to use heat and electricity 
almost 50-70% more efficiently. The plant works by converting the two thirds of energy 
normally lost during the process of electricity generation into heat for over 90% of the 
university’s campus. Increased efficiency is one of the more important aspects of the 
plant when monetary savings are considered in the long run (Samaro, 2013). The 
system cost approximately $28 million, financed by the university. It is calculated that 
the plant will save the institution more than $21 million within two decades and a 21% 
decrease in greenhouse gases from the year before (UNHSI, 2014).  This increases 
their financial options, for now they have the possibility of reallocating that money 
towards lowering tuition costs, investing into the community or the university. In 2009, 
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the university struck a deal with waste management of New Hampshire, Inc to begin 
using processed landfill gas from the EcoLine. The EcoLine Project is a landfill gas to 
energy process that uses methane gas from a nearby landfill as the primary fuel for the 
cogeneration plant. The EcoLine cost nearly $49 million funded by the university, with a 
payback period of a decade, and will provide close to 85% of the campus’ energy.  
5.3 University of Connecticut 
UConn Storrs campus of 15000 students heated its buildings by steam 
generated in a central plant with natural gas fired boilers. They were cooled in the warm 
summer months by using individual air conditioning units or central plant chilled water. 
All electric power was purchased from the local electrical company at a high price. 
Energy costs began to soar, reaching $15 million by 2002, a trend not likely to end in 
the foreseeable future. The university realized their method of procuring energy was 
unsustainable, and called for the construction of a plant capable of producing 25MW of 
electricity, 200klb/hr of steam, and 6000 refrigerated tons of chilled water (Langston, 
2011). The University of Connecticut opened its state of the art cogeneration plant in 
February 2006, replacing several outdated, less efficient oil-fired utility boilers. This 
single energy source produces both electrical and thermal energy, enabling over 80% of 
the fuel energy to be used, opposed to a less impressive 33% from a conventional 
power plant. Distributed generation such as UConn’s 25MW cogeneration facility makes 
efficiency loss and congestion during the point-to-point transmission and distribution of 
electricity a non-issue. The cogeneration facility reduces CO2 emissions by 
approximately 30000tons every year versus fossil-fueled power plants used by the 
regional electric grid (Uconn, 2014).  
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6. WPI’s Case Study  
The purpose of this chapter is to explain how WPI receives its energy, produces 
it, and distributes it across the campus. It will also highlight how much electric and 
thermal energy is consumed on average per annum, and how much of this electrical 
energy was lost due to transmission and distribution through the grid. A description of 
the campus’s power plant and steam system will show its current capacity, and steam 
properties. This, combined with WPI’s electric power data is used to perform an analysis 
on what type of cogeneration system to implement at the powerhouse, and how useful it 
will be.  
6.1 Electricity Demand: Current Situation. 
WPI’s main electric meter is located in the Power House and provides electricity 
for 29 academic and administrative buildings on the main campus (Grudzinski, 
Hawthorne, & Tetreault, 2010). As explained by William Grudzinski, chief engineer for 
the facilities department, there are two commercial entities that are jointly responsible in 
providing WPI with electricity but each one plays different roles. These entities are 
Direct Energy and National Grid, and their roles lay in electricity production and 
distribution respectively. Direct Energy is responsible for the production of electric 
energy as a commodity while National Grid is in charge of the distribution of said 
commodity from its point of generation to campus. Because of the WPI’s size and 
electric demand, it holds some bargaining power with certain utility providers. Annually, 
the facilities department negotiates contracts with their energy providers to generate a 
fixed price per unit of energy received. This year they were able to negotiate a contract 
with Direct Energy that assured a steady fee of 7.5 cents per kilowatt-hour of electricity. 
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However, it is not the same case with National Grid, for its fees vary depending on 
various factors such as Peak/Off Peak demand, and transmission/distribution charges. 
Copies of WPI’s electricity bill obtained from facilities, listed in Appendixes C and D 
show its annual electric demand history for the main campus. Its minimum, maximum, 
and average electric demand since March 2013 has been 2520kW, 3952.8kW, and 
3200.2kW respectively.  
6.2 Gas Demand 
According to Mr. Grudzinksi, for the past couple of years, natural gas has been 
the main fuel used in the plant’s steam production, due to the rising costs of #2 fuel oil, 
natural gas has emerged as a cheaper, cleaner alternative. The Power House receives 
natural gas in a similar manner by which it receives electricity, on a 
commodity/distribution basis, through two main providers. Hess Energy is in charge of 
the production of natural gas as a commodity, and distributes it from its point of 
generation to the Worcester City gate from where Nstar is responsible for its delivery to 
the Power House. WPI does not currently have any contracts with Nstar or Hess Energy 
for a constant fee per unit of gas consumed, which creates much variability in their 
billing system. A copy of WPI’s gas bill obtained from facilities, listed in appendixes E 
and F show its annual gas consumption history for the main campus. For the months of 
May to September, there was no natural gas consumed, as these are the summer/fall 
months, and there is no need for space heating. During the rest of the year, the 
minimum gas consumption on campus was 84.8MMBTU, in October while the 
maximum was 16893.7MMBTU in February.  
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6.3 WPI’s Steam Network 
In 2005, WPI retrofitted its power plant, with three new boilers that met industry 
specifications. For a project that cost almost $8.5 million the benefit was that, the plants 
efficiency rating rose from the low 70’s to 83% (Baker & Grygorcewicz, 2010). This 
meant in the long run, WPI saved money through reduced fuel consumption while 
decreasing its carbon footprint through lesser GHG emissions (Grudzinski, Hawthorne, 
& Tetreault, 2010). Two of the boilers burn either natural gas or #2 fuel oil, depending 
on weekly fuel prices, while the third runs solely on natural gas-all in order to heat liquid 
water into steam. The steam leaves the boiler’s main header as saturated steam at 
325F and 100psi with an average mass flow rate of 25klbs/hr. From here, it is stepped 
down to 90psi using reduction valves, and channeled through six-inch diameter pipes 
which service an East/West loop around 24 campus buildings. In the basements of most 
of these buildings, there is another reduction station, where the pressure of the steam is 
dropped further before it is used for space heating (Mossa & Pope, 2007). Once energy 
has been transferred through the network, the steam is pumped through the return 
system to the Power House (Mossa & Pope, 2007). Almost 85% of the water returns in 
the form of condensate; additional water is added, treated, and then returned to the 
boiler.  
6.4 Cogeneration Potential at WPI 
The analysis of WPI’s electric consumption data for the past twelve months is 
based on bills obtained from National Grid and Direct Energy from the period of March 
2013 to March 2014, displayed in the table below.  
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Table 2: WPI's Electric consumption March '13-March '14 
Month Energy Consumption (KWh) Month Energy Consumption (KWh) 
Mar-13 1207200 Sep-13 1627200 
Apr-13 1706400 Oct-13 1305600 
May-13 1288800 Nov-13 1492800 
Jun-13 1420800 Dec-13 1296000 
Jul-13 1776000 Jan-14 1562400 
Aug-13 1860000 Feb-14 1240800 
 
In the past year alone, WPI’s boiler consumed 916156.9MMBtu of natural gas, in 
addition to purchasing an average of 38.4MW of electric energy in order to provide heat 
and electricity to the main campus. Of that 38.4MW, only 26.5MW was consumed by 
WPI, meaning there was a distribution loss of 11.9MW between Direct Energy and the 
main campus in the past year. In the last pay period, WPI was charged around 11cents 
per Kw, meaning WPI paid approximately $1358 for energy that did not even reach the 
main campus. By implementing a cogeneration system, WPI could alleviate the 
pressure on a congested grid, reduce its energy bills, and become more sustainable, by 
achieving higher energy efficiency. After a considering a broad range of cogeneration 
possibilities, case studies of other universities, and helpful input from Mr. Grudzinski, a 
decision was made on which cogeneration system would best suit WPI. I determined 
that system using the Rankine thermodynamic cycle should be chosen, because it 
makes the best use of the existing boiler system, which already provides the campus 
with heat. In order to use the boilers’ steam to produce electric power, a steam turbine 
would have to be fitted on to its main header. 
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6.5 Backpressure Steam Turbine Analysis: 
An annual electrical consumption of 26.5MW translates to roughly 2.21MW per 
month. Therefore the steam turbine being considered would need a capacity of 2.0MW 
in order to satisfy WPI’s average consumption. The boilers can emit steam with a 
maximum flow rate of 30,000 lbs./hr., pressure of 100psi, with a corresponding 
temperature of 325F. They can emit steam at a maximum pressure and temperature of 
150psi and 368F respectively. Before this steam is distributed to the campus, it is 
stepped down to a pressure of 90psi through a reduction valve. The target of this 
analysis is determining the possibility of using a steam turbine that can generate 2.0MW 
of electric power while accommodating an inlet pressure of around 150psi, outlet 
pressure of 90psi, and a minimum temperature of 325F. 
The specific power produced by a basic steam turbine can be found using the 
following expression:  
𝑤𝑤 = 𝑛𝑛ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝐻𝐻𝑖𝑖𝑖𝑖 − 𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜),  
Where 𝐻𝐻𝑖𝑖𝑖𝑖= the inlet enthalpy 
, 𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜= the outlet header enthalpy, and  𝑛𝑛ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = the turbine efficiency.  
(El-Halwagi, Harell, & Dennis Spriggs, 2010) 
 
The actual power generated from a steam turbine is determined by multiplying 
the specific power by the mass flow rate (?̇?𝑚) of the steam passing through the turbine. 
By doing this we get the following equation: 
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 In order to use this equation, the inlet and outlet enthalpies of the steam passing 
through the turbine need to be determined. This can be found using the saturated steam 
table found in appendix H in order to find the enthalpies that correspond to the inlet 
pressure of 150psi, and an outlet pressure of 90psi. These were found to be 
1194.8btu/lb. (inlet) and 1185.5btu/lb. (outlet) respectively. Using a desired turbine 
efficiency of 85%, and a maximum steam flow rate of 30,000lbs/hr., the equation 
becomes:  𝑊𝑊 = (30000𝑙𝑙𝑙𝑙𝑙𝑙/ℎ𝑒𝑒) × (. 85) × (1194.8 − 1185.5) 𝑙𝑙𝑏𝑏𝑏𝑏/𝑙𝑙𝑙𝑙𝑙𝑙 = 237150𝑙𝑙𝑏𝑏𝑏𝑏/ℎ𝑒𝑒.  
 
Since 1𝑘𝑘𝑤𝑤 = 3412𝑙𝑙𝑏𝑏𝑏𝑏, (237150𝑙𝑙𝑏𝑏𝑏𝑏/(ℎ𝑒𝑒))/3412.1𝑙𝑙𝑏𝑏𝑏𝑏 = 69.50𝑘𝑘𝑊𝑊.This is far 
below our target power of 2000kw, meaning that the current boiler functioning at its 
maximum capacity could only generate a mere 70kw of electric power if a steam turbine 
were fitted to its main header.  
 
 
 
 
 
 
 
 
 
   36 
IQP-GFS-1403  
 
7. Conclusions/Recommendations: 
The maximum capacity of the boilers is 150psi of steam reduced to a desired 
90psi for distribution at 30,000lbs/hr. With these specifications, the most electric power 
that could be generated by a steam turbine fitted to the main header is 70kw. This is 
underwhelming compared to the desired output of 2000kw. One possible way to 
increase the power output of the turbine is to increase the steam mass flow rate or the 
inlet pressure systematically and considerably. Unfortunately, as these are the 
maximum capacities of the system, this is not possible.  
Another possibility is to allow the outlet pressure of the system to fall much lower 
than an enthalpy of 1185.5btu/lb. According to the equation, if 2000kwh(6824200btu) is 
substituted for desired power output, respecting a steam mass flow rate of 30000lbs/hr 
and an inlet enthalpy of 1194.8btu/lb, the outlet enthalpy will be 927btu/lb. Examining 
the steam table for a pressure that corresponds to this enthalpy has been futile, as the 
lowest enthalpy recorded for saturated steam is 1075.2btu/lb, which corresponds to 
0.08871psi. This option means that the outlet steam would not meet the temperature 
and pressure requirements for heating the campus without using some sort of pressure 
and heat pump. I recommend that an analysis on upgrading WPI’s plant capacities in 
order to sustain a steam turbine cogeneration system should ensue. Given the findings 
of this project, implementing a cogeneration system with the current boiler settings 
would not be a practical use of WPI’s resources.  
There are certain benefits that could be reaped by increasing the plants capacity, 
and implementing a steam turbine.  
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 For the months with intense heating requirements, the boilers would be working 
near maximum performance, and the cogeneration system would produce maximum 
output. This period is usually seven months, from December to April. The target 
maximum power output is around 2000kW a month, normally billed around a rate of 
eleven cents per kWh. There is an average of seven hundred and thirty hours in a 
month, hence 5110hrs in seven. Multiplying 2000𝑘𝑘𝑊𝑊 × 5110ℎ𝑒𝑒𝑙𝑙 × 0.11¢ = $1,124,200. 
This is an approximation of the amount of money WPI would save during the fall to 
winter months by upgrading its capacity, and implementing a cogeneration system.  
According to Mr. Grudzinksi, the newly built rec-center pool consumes 
approximately three million btu/hr., even during the summer months, leading into fall. 
During this 6-month period, there is little to none steam generated by the steam plant, 
for the campus buildings do not need heating. However, there is a possibility to use the 
steam plant to heat the rec-center pool during the summer months and produce 
electricity for the rest of the campus at the same time provided the capacity of the plant 
is increased, and a steam turbine fitted to its main header. The target-heating 
requirement is 3MMbtu/hr for six months. Since there are almost seven hundred and 
thirty hours in a month, consider the following expression: 3𝑀𝑀𝑀𝑀𝑙𝑙𝑏𝑏𝑏𝑏/(ℎ𝑒𝑒) × 730ℎ𝑒𝑒𝑙𝑙 ×6𝑚𝑚𝑚𝑚𝑛𝑛𝑏𝑏ℎ𝑙𝑙 = 13140𝑀𝑀𝑀𝑀𝑙𝑙𝑏𝑏𝑏𝑏. 0.003412MMbtu = 1kW .Therefore13140MMbtu =3851114kW. This is approximately how much power could be generated over the 
summer to fall months by implementing this system, by heating the rec-center pool. 
Multiplying this by 11 cents, gives us a result of $423,623 dollars WPI could avoid 
spending per annum.  
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WPI’s annual electric demand during the past year was 38.4MW. Since 
0.003412mmBtu= 1kW, this translates to approximately 131.021 mmBtu’s of thermal 
power from burned natural gas. The most dangerous greenhouse gas is carbon dioxide, 
and its emission factor for Natural gas is 53.06kg/mmBtu (EPA, 2008). This means that 
there is 53.06kg of CO2 in every one million British thermal unit of natural gas burned.  
From the combustion of 131.021 mmBtu’s of natural gas, 6.95 tons of CO2 is released 
into the atmosphere. This is how much carbon dioxide WPI could remove from the 
system if it decided to produce its own electric energy using cogeneration.  
There are two ready-made steam turbine systems that could fulfill WPI’s energy 
requirements; given its plant capacity is increased first. These are GE’s SC/SAC Series, 
and Dresser-Rand’s C7 Direct Drive.  
The design and specifications for the SC/SAC series are listed below (GE, 2014): 
• Power Rating: 2 to 100 MW 
• Speed Range: 3000 to 15000 rpm 
• Rated Max Inlet Steam Conditions: 
• 140 bar (2030psi) 
• 540 °C (1000 °F) 
• Arrangement: Single casing 
• Max Backpressure: 60 bar (870 psi) (GE, 2014) 
 
The design and specifications for the C7 Direct Drive are listed below: 
Table 3: C7 Direct Drive Specifications (Dresser-Rand, 2014) 
Max. Power  
HP (kW) 
Max. Inlet 
Press.  
psig1 (bar) 
Max. Inlet Temp.  
0F (0C) 
Max. Exh. Press.  
psig2 (bar) Max. RPM 
2615 (1950) 464 (32) 662 (350) 304 (21) 6000 
Max. Inlet 
Dia.  
in. (mm) 
Max. Exh. Dia.  
in. (mm) Casing Design Inlet Options 
8 (200) 28 (700) Horizontal/Vertical Split N/A 
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Appendices  
Appendix A: 1st Interview with William Grudzinski 
 
How does WPI receive its energy, and through which providers? 
Electric Power: 
Commodity-> Electricity from Direct Energy only 
Distribution-> From point of Generation to WPI by National Grid 
Natural gas: 
Hess Energy: Charges for Commodity 
Distribution “line loss”->Gas Line to Worcester City Gate. 
Nstar Charges Line Loss from Worcester City Gate to Campus. 
Nstar Bill also includes Use on actual Campus and Commodity and “line loss” from Gas line to Worcester 
City Gate.  
Commodity + Basis (Distribution from City Gate+ Campus Consumption)=  
 
 
Is there much variability in the price from month to month? 
WPI is in a position of power because it is a large consumer of Energy, therefore has the negotiating 
power in setting contracts between Utility companies, however, the only current contract is with Direct 
Energy. Natural gas prices are subject to the economy, and National grid reserves the right to levy 
transmission and distribution fees to their liking. However, the total is usually around 11 cents per kWh. 
Approximately how much electricity does the campus consume every month? 
The campus consumes approximately 2MW of electricity. 
The current Electric Grid is “Maxed Out”, which may cause Blackouts and Brownouts. In such a case 
There is an offsite backup Power plant on standby used by the utilities company, which charges a 
premium in order to provide the city of Worcester with temporary Power to relieve the grid of the extra 
charges.  
What can you tell me about the main plant? 
Major renovation in 2006, where it switched from #6 fuel to Natural gas. Now it burns natural gas 
primarily, as it is more economical. However, as Natural gas becomes the primary source of energy, that 
gives the utility companies leverage, as they can play with its price as much as they want.  
Supplies 29 buildings on campus with electric power From the Grid. 
Hess Nstar  
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Supplies 24 buildings on campus with Steam for heat. 
Supplies the East & West Loop, main loop of the campus.  
Could I possibly receive copies of the universities latest energy bills and an emissions report for 
the three boilers? 
Sure, I could have those available during our next meeting.  
 
Close. 
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Appendix B: 2nd Interview with William Grudzinski 
 
What are the average steam properties as it exits the boilers’ main header? 
 
The steam leaves the building at 100psi, or a maximum of 150 psi, where it is stepped down to 
90psi. Using the steam table, a psi of 100 corresponds to approximately 327F.  
 
Can you tell me more about your main header system? 
 
It is 8inches in diameter, and is fed steam by all three boilers. At the end of the header is 2 
reducing valves, which step the pressure down to 90psi, then it is sent out through the West 
loop, and it loops around the campus, and return as condensate.  
 
If theoretically a steam turbine were implemented to this system, where would you suggest it be 
placed? 
 
It would have to be placed off the main header, because that is where the maximum pressure 
and temperature is before it leaves the building.  
 
Do you know the mass flow rate of the steam? 
 
Yes, its maximum mass flow rate is around 30,000kg/lbs.  
 
What happens to the steam as it goes through the loop? 
 
It is stepped down to atmospheric pressure by reduction valves in each building, to be used for 
space heating. It more or less remains at the same pressure through the loop, and returns as 
condensate. Almost 85% of the steam comes back, the rest is supplemented water, which is 
treated, and then sent back into the boiler to start the process again.  
 
What about the summer months when heating is not needed for the campus’ buildings? How 
would cogeneration work? 
 
Actually the pool in the rec center needs a significant amount of heat, nearly 3mmBtu’s of heat 
per hour. If it were used to heat the pool, then it could still alleviate a good chunk of the campus’ 
electric demand, while we make up the rest from the grid.  
 
Close. 
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Appendix C: National Grid Electric Bill 
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Appendix D: Direct Energy Electric Bill 
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Appendix E: Nstar Gas Bill 
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Appendix F: Hess Energy Heating Bill 
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Appendix G: Victory Boilers’ Emissions 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix H: Steam Tables 
 
Boiler Gas Fuel Burned (MMBtu) CO2(tonnes) 
NEW BOILER #1-VICTORY ENERGY - NAT GAS / #2 
OIL CO2 34857.15000  MMBtu 1844.29181   
NEW BOILER #1-VICTORY ENERGY - NAT GAS / #2 
OIL CH4 34857.15000  MMBtu 0.03137   
NEW BOILER #1-VICTORY ENERGY - NAT GAS / #2 
OIL N2O 34857.15000  MMBtu 0.03137   
NEW BOILER #2-VICTORY ENERGY - NAT GAS CO2 27762.33000  MMBtu 1468.90488   
NEW BOILER #2-VICTORY ENERGY - NAT GAS CH4 27762.33000  MMBtu 0.02499   
NEW BOILER #2-VICTORY ENERGY - NAT GAS N2O 27762.33000  MMBtu 0.02499   
NEW BOILER #3-VICTORY ENERGY - NAT GAS / #2 
OIL CO2 28996.21000  MMBtu 1534.18947   
NEW BOILER #3-VICTORY ENERGY - NAT GAS / #2 
OIL CH4 28996.21000  MMBtu 0.02610   
NEW BOILER #3-VICTORY ENERGY - NAT GAS / #2 
OIL N2O 28996.21000  MMBtu 0.02610   
  97476.63 4847.46862  
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